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Directional detection of Dark Matter allows for unambiguous direct detection of WIMPs as well
as discrimination between various Dark Matter models in our galaxy. The DMTPC detector is
a low-pressure TPC with optical readout designed for directional direct detection of WIMPs. By
using CF4 gas as the active material, the detector also has excellent sensitivity to spin-dependent
interactions of Dark Matter on protons.
I. DIRECTIONAL DARK MATTER DETECTION
Directional detection allows for unambiguous observation of Dark Matter (DM) even in presence of insidious
backgrounds. When a Weakly Interacting Massive Particle (WIMP) collides with a nucleus in the active mass of the
detector, the direction of the nuclear recoil encodes the direction of the incident particle. For detectors consisting
of a low-pressure gas (about 50 torr), the typical length of such a recoil is 1-2 mm, which is sufficiently long to be
reconstructed. The simplest models of the distribution of WIMPs in our Galaxy suggest that the orbital motion of the
Sun about the Galactic center will cause an Earth-bound observer to experience a WIMP wind with speed 220 km/s
(the galacto-centric velocity of the Sun), originating from the direction of the Sun’s motion. Because the direction
of this wind is inclined by 42o with respect to the rotational axis of the Earth, the average DM direction changes
by almost 90o every 12 hours [1]. An ability to measure such a direction would allow for a powerful suppression of
insidious backgrounds (e.g. neutrons) as well as a unique instrument to test local DM halo models.
II. DETECTOR CONCEPT
Our detector consists of a low-pressure TPC with optical readout. The target gas is CF4, whose spin 1/2 fluorine
nuclei provide the ideal target material to detect spin-dependent interactions [9]. In addition, CF4 has high scintil-
lation efficiency and low diffusion, and is ideal for underground detectors because it is non-toxic and non-flammable.
When an incoming WIMP collides with a CF4 molecule at the design pressure of 50 torr, the emitted fluorine
nucleus recoils 1-2 mm, ionizing the surrounding gas. The primary electrons drift toward the amplification region,
where charge multiplication takes place. To achieve 2D resolution, the amplification plane is built out of woven
meshes [2]. In the avalanche, scintillation photons are produced together with the electrons in the ratio of 1:3 [3].
Such photons are imaged by a CCD camera triggered by a PMT or electronic readout of the charge collected on the
meshes.
The DMTPC detector is designed to measure the following quantities:
• total light collected by the CCD, which is proportional to the energy of the nuclear recoil;
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• length of the recoil track projected onto the amplification plane;
• length of the recoil track perpendicular to the amplification plane inferred from the width of the PMT signal;
• versus of the nuclear recoil (“head-tail”) as determined by the shape of the energy loss along the recoil track
(dE/dx). At the typical energy of these recoils, dE/dx decreases as the track slows down.
The simultaneous measurement of energy and length of the recoil effectively rejects electrons and α tracks.
III. PROTOTYPES AND DETECTOR PERFORMANCE
Several prototypes (figure 1, top left) have been built to prove the DMTPC detector concept. Alpha tracks from
241Am and low-energy neutrons from 252Cf are used to calibrate the device and measure its performance [4]. For
nuclear recoils of 100 keV, where the angular resolution is 15o, we have achieved an energy resolution of ≈ 10%.
Typical gas gains are ≈ 104-105. The intrinsic spatial resolution is of the order of 100 µm, adequate to image
recoils of 1-2 mm length with typical diffusion of 200-700 µm. The detector performance has been simulated using a
combination of SRIM [5], CASINO [6], and GEANT4 [7]. The data-MC agreement is better than 10%.
A 10-liter detector [8] has been built and is being commissioned in the laboratory. Underground operation is
expected in early 2009 with the goal of studying backgrounds and place our first limits on spin-dependent interactions.
IV. HEAD-TAIL EFFECT IN NUCLEAR RECOILS FROM LOW-ENERGY NEUTRONS
Studies of the nuclear recoils induced by low-energy neutrons from 252Cf have demonstrated that the DMTPC
detector can measure the energy, direction, and versus of recoiling nuclei [3]. Figure 1 (bottom left) shows a typical
nuclear recoil reconstructed in the DMTPC detector at a pressure of 75 torr. The neutrons were traveling right to
left. The decreasing dE/dx along the track direction is well visible, indicating the capability of determining the sense
of the direction (“head-tail”) on an event-by-event basis. MC studies indicate excellent head-tail discrimination can
be obtained for nuclear recoils above 70 keV in CF4 at a pressure of 50 torr.
V. FUTURE DETECTORS AND EXPECTED SENSITIVITY
The DMTPC collaboration is designing a 1-m3 detector to be operated in an underground site. This detector
has two 1-m2 amplification planes. In the current design, each plane serves two 25-cm drift regions, and is imaged
by 10 CCD cameras and 10 PMTs. By running this device for one year at 100 torr we will obtain an exposure
of 100 kg-days. Assuming a threshold of 50 keV and passive neutron shielding, this device will allow us to set a
limit on the spin-dependent cross section at σSDp ≈ 10−38cm2, as shown in figure 1 (right). This high sensitivity is
achieved despite the limited mass due to the excellent sensitivity that fluorine has to spin-dependent interactions [9]
and because directionality increases the sensitivity to Dark Matter by over one order of magnitude [10, 11].
A larger detector with an active mass of a few hundred kg will explore a significant portion of the MSSM parameter
space. The observation of directional WIMP signal by this detector will allow us to test our understanding of the
local DM halo model. This detector is an ideal candidate for the DUSEL laboratory in South Dakota.
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FIG. 1: Top left: 10-liter DMTPC detector. The field cage and top mesh are visible. Bottom left: image of a nuclear recoil
generated by a low-energy neutron traveling right to left. The larger dE/dx visible on the right of the recoil is consistent with
observation of the “head-tail” effect. Right: limits on spin-dependent interactions of WIMPs on protons expected for the 1-m3
in a 1-year of underground data-taking as well as for 3 years operation of a larger DMTPC detector.
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